The objective of this study was to examine the ethanol yield potential of three barley varieties (Xena, Bold, and Fibar) in comparison to two benchmarks, corn and wheat. Very high gravity (VHG; 30% solids) fermentations using both conventional and Stargen 001 enzymes for starch hydrolysis were carried out as simultaneous saccharification and fermentation. The grains and their corresponding dried distiller's grain with solubles (DDGS) were also analyzed for nutritional and value-added characteristics. A VHG traditional fermentation approach utilizing jet-cooking fermentation revealed that both dehulled Bold and Xena barley produced ethanol concentrations higher than that produced by wheat (12.3, 12.2, and 11.9%, respectively) but lower than that produced by corn (13.8%). VHG-modified Stargen-based fermentation of dehulled Bold barley demonstrated comparable performance (14.3% ethanol) relative to that of corn (14.5%) and wheat (13.3%). Several important components were found to survive fermentation and were concentrated in DDGS. The highest yield of phenolics was detected in the DDGS (modified Stargen 001, 20% solids) of Xena (14.6 mg of gallic acid/g) and Bold (15.0 mg of gallic acid/g) when the hull was not removed before fermentation. The highest concentration of sterols in DDGS from barley was found in Xena (3.9 mg/g) when the hull was included. The DDGS recovered from corn had the highest concentration of fatty acids (72.6 and 77.5 mg/g). The DDGS recovered from VHG jet-cooking fermentations of Fibar, dehulled Bold, and corn demonstrated similar levels of tocopherols and tocotrienols. Corn DDGS was highest in crude fat but was lowest in crude protein and in vitro energy digestibility. Wheat DDGS was highest in crude protein content, similar to previous studies. The barley DDGS was the highest in in vitro energy digestibility.
The growing need for energy independence and proposed renewable fuels has led recently to a major expansion of fuel ethanol production. In North America, this activity primarily uses corn as a feedstock. The need to find other cost-effective and efficient grains for ethanol production has increased in significance. Cereal grains are high in starch and are currently being utilized for ethanol production (26, 41) . To ensure longterm viability of the industry, fermentation strategies that focus on holistic utilization of the feedstock that maximize value addition will increase in importance. The focus of industry is slowly moving from biorefineries that anticipate subsidy and government policy to integrated biorefineries that produce multiple products. Multiple product streams and integrated by-product management are thought to ensure better financial stability and opportunities for diversified income streams.
Barley is a potential candidate for industrial ethanol production (10) since its ethanol yield is comparable to that of wheat but below that of American corn, which is currently the preferred industrial feedstock. Barley contains on average 63 to 65% starch, 8 to 13% protein, 2 to 3% fat, 1 to 1.5% soluble gums, 8 to 10% hemicellulose, ca. 2.9% lignin, and 2 to 2.5% ash (15, 27) . Barley also contains a hull that could be fermented using cellulolytic enzymes, providing opportunities for integrated biorefineries that utilize more feedstocks than corn. Potential coproducts of ethanol production from barley include protein, fiber, fatty acids, tocopherols, and tocotrienols (40) . The nutritional value of barley, based on amino acid content, is greater than that for corn and is not significantly affected by the fermentation process (40) . A range of nutraceutical and functional food products, as well as amylase, amylase inhibitors, ␤-amylase, and oxalate oxidase, are found in barley grains and may have potential for extraction and commercial applications (6, 22, 33) . Hull-less barley lines, high in both protein (particularly lysine) and starch, and low in fiber, have recently been developed (11, 14, 32) . Since starch recovery and thus ethanol yields are lower for barley than corn, coproduct recovery becomes even more essential for profitability (43) .
Enzymes used for the pretreatment of grains prior to fermentation have traditionally been ␣-amylases and glucoamylases. The ␣-amylase decreases the viscosity of the mash (25) and performs the liquefaction of the pretreatment process. The liquefaction step is typically done at high temperatures of 100 to 120°C (38) with direct steam injection (jet-cooking). The ␣-amylase action serves to break starch at ␣-(1,4)-glucosidic bonds, producing smaller dextrin chains. During the saccharification step of the pretreatment, the dextrins produced by ␣-amylase are then acted on by glucoamylase. This conventional method has a considerable economic drawback, because the mash must undergo a cooking step prior to fermentation. Many industrial ethanol producers use jet-cooking to raise the mash temperature to 100 to 120°C. Because of this temperature requirement, the conventional process uses a large amount of energy to produce ethanol.
Recently, a new line of cold starch hydrolyzing enzymes was developed. An example of these enzymes is Stargen 001, which is referred to as a raw starch hydrolyzing enzyme because starch is hydrolyzed to fermentable sugars while the temperature remains at or below a temperature of 48°C (38) . Stargen 001 replaces the liquefaction and saccharification steps performed by conventional digestion enzymes (i.e., ␣-amylase and glucoamylase) and releases free glucose and other fermentable sugars for use by yeast cells. Stargen 001 is a cocktail of modified ␣-amylase and glucoamylase enzymes that work together to convert starch into dextrins, followed by the hydrolysis of dextrins to fermentable sugars (37, 38) . With the absence of a cooking stage in the cold hydrolysis method, the potential exists that the dried distiller's grain plus solubles (DDGS) produced by fermentation would have less damage so that the proteins contained in the DDGS could be of more value (18) .
The objectives of the present study were to examine the ethanol yield potentials of three barley varieties (Xena, Bold, and Fibar) and two benchmark grains (Pioneer Hi-Bred corn and CPS wheat) using conventional (jet-cooking) and cold starch hydrolysis with Stargen 001. In addition, dehulling was tested for the potential to increase ethanol yields, because hull does not contain fermentable starch; both hulled and dehulled mashes were studied where possible. The grains and their corresponding DDGS were analyzed for nutritional value and the presence of potential value-added products such as fatty acids, tocopherols, tocotrienols, sterols, and polyphenols.
MATERIALS AND METHODS
Grains involved in the present study. Three two-row spring barley varieties, Bold, Xena, and Fibar, were used in the present study. Bold was grown in 2006 at the Kaun Seed Farm in Red Deer, Alberta, Canada. Xena feed barley was grown in 2006 and developed at the Crop Development Centre at the University of Saskatchewan (Saskatoon, Saskatchewan, Canada). Fibar barley was a hullless variety developed at the Crop Development Centre at the University of Saskatchewan. Pioneer Hi-Bred corn was supplied by Pioneer Hybrid, Ltd. (Chatham, Ontario, Canada), whereas CPS wheat was provided by Jim Greilach (Alberta Agriculture and Food, Barrhead, Alberta, Canada). Grain samples were ground in a Jacobson-Carter Day Cutler-Hammer mill (using a 1.98-mm sieve) or in a Retsch mill model ZM 100 (using a 0.5-mm sieve). Ground grains were stored in airtight plastic bags at room temperature.
Enzymes, reagents, and chemicals. Stargen 001 (an enzyme cocktail containing Aspergillus kawachi ␣-amylase expressed in Trichoderma reesei and a glucoamylase that work synergistically to hydrolyze granular starch to glucose), Optimash TBG (viscosity reducing), and Fermgen (protease) enzymes were provided by Genencor International (Palo Alto, CA). Viscozyme barley (viscosity reducing), Viscozyme wheat (viscosity reducing), Liquozyme SC (␣-amylase), and Spirizyme fuel (glucoamylase) enzymes were obtained from Novozyme (Bagavaerd, Denmark). SuperStart yeast was provided by Ethanol Technology (Milwaukee, WI). Urea was purchased from Fisher Scientific.
Preparation of the grain mashes for fermentation. Table 1 shows the grains included in the preparation of mashes for each type of fermentation described below.
(i) Preparation of mashes for very high gravity (VHG) jet-cooking fermentation (i.e., fermentation that contains 27 g or more of solids/100 g of mash). The ground grain (1.98 mm) was mixed with water to obtain a mash with 35% solids (wt/wt). Using HCl (12 M), the mash was adjusted to pH 4.8 for the viscosity and protease treatments. Mash was heated to 53 to 55°C with frequent stirring in a Groen kettle (model TS/9). Suitable volumes of Viscozyme wheat (for viscosity reduction, 300 l/kg of grain) and Fermgen (940 l/kg of grain) enzymes were added to the mash as recommended by the manufacturer and incubated at 53 to 55°C for 1 h with frequent stirring. Viscozyme barley (for viscosity reduction, 300 l/kg of grain) was added to Fibar barley (pH 4.8) to help reduce the high viscosity of the mash. At the end of the enzymatic treatment, the pH was increased to 5.25 using 5 N NaOH. A one-quarter dose of Liquozyme SC (21 l/kg of grain) was added to the mash, the temperature was increased from 55 to 85°C, and the treatment was carried out for 30 min. The first liquefaction step was carried out to further reduce the viscosity of the mash (through hydrolyzing ␣-(1,4)-glucosidic bonds of the starch) in order to avoid jet-cooker plugging. The mass of the mash was determined at the end of this time, and water was added, as necessary, to compensate for any evaporative losses. The mash was then passed through a jet-cooker five times. A stainless steel jet-cooker unit was specifically constructed for the present study. The jet-cooker body was donated by Pick Heaters, Inc. (West Bend, WI), and the complete jet-cooker unit was assembled by Stanfos, Inc. (Edmonton, Alberta, Canada). The flow rate of the mash through the jet-cooker was approximately 1.9 liters/min. During the jetcooking, the mash was heated to 110 to 120°C by direct injection of high-pressure (50 lb/in. 2 gauge) clean steam at an approximate rate of 150 lb/h. After jetcooking, the mass of the mash was determined and adjusted to the initial mass by the addition of water as necessary. The jet-cooked mash was transferred again to a Groen kettle adjusted to 85°C, and a three-quarter dose of the Liquozyme SC (63 l/kg of grain) was added to the mash, followed by incubation for 90 min to completely liquefy the starch. Performing liquefaction in two steps has been previously described in other studies (3, 14) . A sterilizing agent, diethyl pyrocarbonate (DEPC; Sigma-Aldrich) was then added (105 l/kg of mash), and the mash was transferred aseptically to a sterile container where it was kept at 4.0°C for 72 h.
(ii) Preparation of mashes for both standard, and modified Stargen-based fermentations. For Stargen-based fermentations, it was recommended by Genencor International Company to mill the grain to a smaller particle size (0.5 mm) in order to get the optimal starch hydrolysis. For both fermentation types, the ground grain (0.5 mm) was mixed with water to obtain a mash with 35% (wt/wt) solids. The mash was heated to 53 to 55°C with frequent stirring, and the pH was adjusted to 4.0 using HCl (12 M). For standard Stargen-based fermentation, Optimash TGB enzyme (for viscosity reduction, 80 l/kg of grain) was added, followed by incubation at 53 to 55°C for 1 h with frequent stirring. The enzymatic treatment of mashes prepared for modified Stargen-based fermentation was carried out by the addition of both Optimash TGB (80 l/kg of grain) and Fermgen (940 l/kg of grain), followed by incubation at 53 to 55°C for 1 h with frequent stirring. Finally, DEPC was added to all mashes prepared for both standard and modified Stargen-based fermentations after adjusting the pH to 4.0.
(iii) Preparation of mashes for VHG modified Stargen-based fermentation. The method of preparing grains was identical to that described for modified Stargen-based (20% [wt/wt] solids) fermentation except that Viscozyme barley (300 l/kg of grain) was used instead of Optimash TBG in the case of Fibar barley.
Fermentation processes. In general, 2 to 3 kg of the mash of each grain was fermented in duplicate, and fermentation was carried out for 72 h in a 5-liter The concentration of solids in the mash was determined prior to fermentation in order to compensate for losses of grain solids due to passage through the jet-cooker. Before fermentation, the bioreactors were autoclaved at 121°C for 1 h to minimize contamination during fermentation. The mass of the mash transferred to each fermentor was calculated according to the concentration of grain solids in the prepared mash and the final concentration required in fermentation (30% wt/wt). The mash was transferred into sterile fermentors using a transfer system with tubeto-tube lock fittings. The temperature was adjusted to 30°C with stirring at 200 to 300 rpm. Urea and water were added to each fermentor to achieve a final concentration of 30% (wt/wt) solids and 16 mM urea. Once the temperature target was reached, Spirizyme fuel (600 l/kg of grain) was added to each fermentor, followed by incubation for 15 min as a presaccharification step. The yeast was hydrated with water and then incubated at 30°C for 30 min with shaking at 200 rpm. Once presaccharification was complete, the fermentors were inoculated with yeast to a concentration of approximately 2 ϫ 10 7 CFU/ml. (ii) Standard Stargen-based fermentation (20% [wt/wt] solids). The mash was transferred into sterile fermentors by using the transfer system described above. The mass of the mash transferred to the fermentor was calculated from the concentration of the prepared mash and the final concentration of solids included in fermentation. The temperature of the fermentors was adjusted to 48°C while stirring at 200 to 300 rpm. Once the temperature target was reached, Stargen 001 (2.8 ml/kg of grain) was added to each fermentor, followed by incubation for 1 h for presaccharification. The temperature was then reduced to 30°C while stirring at 200 to 300 rpm during the rest of the fermentation. Water and urea were added to each fermentor to achieve a final concentration of 20% (wt/wt) solids and 16 mM urea. The pH was adjusted to 4.0. The yeast inoculum was introduced to the fermentors as described above.
(
iii) Modified Stargen-based fermentations (20% [wt/wt] solids and VHG, 30% [wt/wt] solids)
. These fermentations were conducted by using the same method described above for standard Stargen-based (20% [wt/wt] solids) fermentation except that the presaccharification step with Stargen 001 was performed at 55°C instead of 48°C for 1 h. For VHG fermentation, the final concentration of solids in fermentors was 30% instead of 20% (wt/wt).
Determination of yeast viable count during fermentation. Samples were taken aseptically at several points (30 min and 4, 22, 45, and 72 h) during the fermentation process to count the viable fermenting yeasts. Samples of the mash were serially diluted using phosphate buffer (0.1 M, pH 6.0) and plated on Sabouraud dextrose agar (Difco Laboratories, Detroit, MI). The plates were incubated at 25°C for 48 h. Resulting colonies were counted to determine the number of the CFU/ml of the mash. At least two determinations were averaged.
Testing of microbial contamination during fermentation runs. Three tests for microbial contamination were performed at three different stages. The first test was carried out on the residual amount of DEPC-treated mash following carboyto-fermentor transfer. The second test was performed on a sample of the mash withdrawn from each fermentor immediately after transfer. The third test was done on a sample taken from each fermentor after the addition of enzymes and urea but before the addition of yeast inoculum. For every test, a loopful from the undiluted mash was streaked on a plate of plate count agar (Difco Laboratories) and a plate of Sabouraud dextrose agar. Plates were investigated after 48 h of incubation at 30°C.
Ethanol analysis using 1-butanol internal standard. Ethanol and 1-butanol were analyzed by gas chromatography (GC) using a Restek Stabilwax-DA column (30 m by 0.53 mm [inner diameter], 0.5-m film thickness), a 1-l injection in split mode (20:1 split ratio), an injector temperature of 170°C, an FID temperature of 190°C, and He carrier gas in constant pressure mode (7.5 lb/in 2 ). The oven program started at 35°C, held for 3 min, followed by 20°C/min to 190°C with a final hold of 1 min. A volume of 10 ml of the fermented sample was centrifuged (8,000 rpm, 15 min) in a 15-ml tube. The supernatant (1 ml) was centrifuged further (12,000 rpm, 10 min) in a 1.5-ml microcentrifuge tube. An aliquot of 200 l of the final supernatant was added to a 15-ml test tube containing 5 ml of high-pressure liquid chromatography-grade water and 500 l of a 1% 1-butanol internal standard solution and thoroughly mixed. For standards or blanks, the 200-l supernatant was replaced by either 10% ethanol or water. Then, 1-ml portions of the final sample, standard, and blank solutions were transferred into GC vials for analysis. A GC response factor for ethanol was determined and used with an internal standard correction to measure the ethanol percentage. Ethanol fermentation of each grain was conducted in duplicate, and ethanol concentration results are averaged for two fermentations.
Preparation of DDGS samples. DDGS samples were dried in two stages, designed to minimize damage to potential chemical and nutritional characteristics: (ii) evaporation of the liquid phase (ethanol and water) using a rotary evaporator at 72°C with constant mixing and (ii) freeze-drying at Ϫ60°C at ϳ4 ϫ 10 4 Pa for 72 h. , followed by 70 to 250°C at 20°C/min, 250 to 280°C at 15°C/min, and hold at 280°C for 17 min). Peak identification was achieved by comparing values to the retention of trimethylsilyl derivatives of authentic sterols of campesterol, stigmasterol, sitosterol, and brassicasterol. For semiquantitative analysis, stigmasterol standard was used to calculate the relative response factor for all of the sterol.
Analysis of fatty acids. Fatty acid compositional analysis was carried out as previously described (23) . Fatty acid methyl ester (FAME) peak identification was achieved by comparing the retention times to a standard mixture containing 48 species of FAME (Standard 463; Nu-Chek Pucp, Inc., Elysion, MN). All species of fatty acids were estimated by using an internal standard (methyl C 17:0 ) with the same response factor of 1.0.
Analysis of free phenolic compounds. The method described by Zhao et al. (45) was used for the analysis of free phenolic compounds. However, preparation of extracts from DDGS and grains was performed using 50 mg of each sample and 2 ml 80% methanol in water (vol/vol).
Analysis of tocopherols and tocotrienols. Samples were prepared for analysis using the method described by Panfili et al. (24) . Tocopherols and tocotrienols were analyzed by using high-pressure liquid chromatography as previously reported (16) . The concentrations of ␣-, ␤-, ␥-, and ␦-tocotrienols were calculated by the use of the relative response factors for ␣-, ␤-, ␥-, and ␦-tocopherols (1.14, 0.62, 1.82, and 0.54, respectively). All standards were analyzed in duplicate.
Procedure of in vitro energy digestibility analysis in DDGS.
A three-step in vitro energy digestibility technique was used to mimic digestion of energy by swine (12, 28) . Briefly, 1 g of ground DDGS sample was sequentially subjected to pepsin (for 6 h), pancreatin (for 18 h), and cellulase (for 24 h). Undigested residues and starting materials were analyzed for dry matter and energy by bomb calorimetry, and the in vitro energy digestibility was calculated.
Statistical analysis. The data were analyzed by using either the general linear model of SAS when all effects were fixed or the mixed model (30) when random and repeated effects were present (39) . The main effects included grain type, fermentation method, and interaction. The yeast viable-count data were analyzed as a repeated-measures design with grain type, fermentation method, and interaction as fixed effects and time as a repeated effect. The sample within the grain type and fermentation method was the experimental unit. The variancecovariance structure was chosen based on the Scharzs' Bayesian criterion. Leastsquares means were estimated and separated by using the pdiff option when fixed effects were significant (P Ͻ 0.05).
RESULTS AND DISCUSSION
Starch content of the grains involved in the study. The starch content was highest for Pioneer Hi-Bred corn (62.1% Ϯ 0.51%), 56.2% Ϯ 0.38% for CPS wheat, 58.0% Ϯ 0.87% for Dehulled Xena, and 55.9% Ϯ 1.92% for dehulled Bold barley, and it was the lowest for Fibar barley (49.0% Ϯ 0.62%).
Ethanol yields of grains involved in the study. In all cases, fermentations were carried out as simultaneous saccharification and fermentation to reduce the risk for microbial contamination, to lower the initial osmotic stress of yeast by avoiding a concentrated glucose solution, and to be more energy efficient (4, 31) . However, a short presaccharification step was used in the present study where Spirizyme fuel or Stargen 001 was allowed to function for 15 min and 1 h, respectively, before the addition of yeast. This procedure has been described previously and accelerates the simultaneous saccharification and fermentation process and to increase the final ethanol concentration (4, 14) .
(i) Ethanol concentrations resulting from VHG jet-cooking fermentation runs. Due to viscosity associated with hulls, barley varieties were dehulled prior to jet-cooking. High mash viscosity limits the dry solids level in the process, increasing water and energy consumption, and even decreasing the ethanol yield (14, 32) . Because of the development of very high viscosity during cooking, especially in the case of Fibar barley which has a high ␤-glucan content, the VHG mashes from barley could not be prepared without the application of viscosityreducing enzymes (Viscozyme wheat and Viscozyme barley) before starch gelatinization. Viscozyme barley contains cellulase and glucanase activities and partially degrades ␤-glucan to low-viscosity nonfermentable oligosaccharides. Viscozyme wheat contains xylanases and pentosanases for fast viscosity reduction. Ideally, hydrolysis of ␤-glucan goes to completion and yields glucose monomers, thereby increasing ethanol yield. This scenario, however, was not achieved because Viscozyme wheat and Viscozyme barley lack ␤-glucosidase activity, which is required for complete conversion of ␤-glucan to glucose (11) .
The two benchmarks (Pioneer Hi-Bred corn and CPS wheat) had ethanol concentrations of 13.75% and 11.85% (vol/ vol), respectively ( Table 2) . Bold (dehulled) and Xena (dehulled) barley reached intermediate ethanol concentrations, whereas the ethanol concentration for Fibar barley was 2.38% (vol/vol) lower (P Ͻ 0.05) than that for corn.
Samples of DDGS were low in residual starch (Table 2 ). In general, barley DDGS yielded less residual starch than corn DDGS; however, the difference was not statistically significant (P Ͼ 0.05).
To our knowledge, VHG jet-cooking fermentation of barley was previously reported in two studies (11, 32) . The first study described VHG fermentation of a variety of hulled barley (starch content of 59.9%), which resulted in an ethanol concentration of 13.90% Ϯ 0.91% (vol/vol) (11). In the second study (31) , VHG fermentation (31.4%) of a variety of hull-less barley (starch content of 70.0% Ϯ 1.4%) demonstrated an ethanol concentration of 17.1% Ϯ 0.20% (vol/vol). However, the starch contents of the barley varieties described in the previous studies (11, 32) were higher than those in the present study. The enzymes used for liquefaction and saccharification in the previous studies (11, 32) also differed. These variations might explain the difference between reported ethanol concentrations (11, 32) compared to those described here.
( In this case, the treatment with Stargen 001 enzyme was done at a higher activation temperature (55°C). Corn demonstrated a concentration of 9.59% (vol/vol) (data not shown). However, the modification improved ethanol production for the alternative grains. The ethanol concentration of CPS wheat more than doubled to 8.2% (vol/vol) and Xena, Bold, and Fibar had 7.99, 8.02, and 7.34% (vol/vol) ethanol concentrations, respectively. Dehulling of the Xena and Bold barley varieties improved the ethanol concentrations to 8.94 and 8.66% (vol/vol), respectively (P Ͻ 0.05).
(c) VHG-modified Stargen-based fermentation (30% [wt/wt] solids). Due to viscosity issues associated with hulls, all barley varieties were dehulled prior to these studies. Optimash TBG was applied as a viscosity-reducing enzyme during the preparation of the mashes for VHG-modified Stargen-based fer- mentation. This enzyme has an endoglucanase activity and catalyzes the endohydrolysis of 1,3 or 1,4 linkages in ␤-glucan. Therefore, Optimash TBG was very effective in reducing the viscosity of the mash via partial degradation of the high-molecular-weight ␤-glucan to low-viscosity oligosaccharides. However, this enzyme did not lead to the complete conversion of ␤-glucan to glucose units. Dehulled Bold and Fibar barley types were significantly different (P Ͻ 0.05) in their ethanol concentrations, with dehulled Bold barley having the highest concentrations (Table 2 ). There was no significant (P Ͼ 0.05) difference in ethanol concentration between dehulled Bold barley and corn.
Grain type and fermentation methods interacted for residual starch in DDGS (P Ͻ 0.001; Table 2 ). Specifically, residual starch was lower (P Ͻ 0.001) for all grains with VHG jetcooking than with VHG Stargen-based fermentation. However, the decrease was 3.9% higher for corn than other grains. In general, barley varieties yielded less residual starch than corn (P Ͻ 0.05).
Recently, Hicks et al. (11) reported the VHG Stargen-based fermentation of a hulled variety of barley (starch content of 59.9%), which yielded an ethanol concentration of 14.87% Ϯ 0.06%. In the present study, a comparable ethanol concentration of 14.28% was obtained from dehulled Bold barley with a starch content of 58.0% Ϯ 0.87%.
Comparison of the ethanol yields of grains involved in the study. Theoretically, 100 g of starch is expected to produce 56.7 g of ethanol as a maximum yield, assuming that starch is completely converted into glucose; however, in practice only 90 to 93% of the theoretical yield is obtained (13) . There was a decrease in ethanol yield and fermentation efficiency (8.6 and 8.7% reduction, respectively) for Fibar barley when VHG jetcooking was utilized compared to VHG Stargen-based fermentation, whereas there was little or no change in the other grains. The drop in efficiency of jet-cooking fermentation of Fibar barley might be due to the loss of some fermentable sugars as a result of a heat-catalyzed Maillard reaction between amino acids and reducing sugars during jet-cooking (8) . There was a significant difference (P Ͻ 0.05) in the efficiency of jet-cooking fermentation for the three barley types with dehulled Bold showing the highest efficiency ( Table 2 ). For VHG Stargen-based fermentation, dehulled Bold barley demonstrated significantly (P Ͻ 0.05) higher efficiency compared to dehulled Xena barley, but the difference with Fibar barley was not significant (P Ͼ 0.05).
Cereal grains respond differently to enzymes used during the fermentation process, depending on the starch percentage and the nonstarch polysaccharide ratio. Nonstarch polysaccharide has a high water-binding capacity, making a gel which affects downstream processes, and it can even decrease the ethanol yield. Control of viscosity, especially in case of barley mashes using a ␤-glucanase enzyme, helps eliminate any problems with CO 2 entrapment and consequential foam expansion in the fermentation vessel (14) . In addition, hydrolysis of ␤-glucan was found to release considerable amounts of bound water (32) , which further dilutes dissolved solids. Thus, the economics of the preparation of VHG barley mashes could be more attractive than for VHG wheat mash since the insoluble nature and concentration of wheat proteins makes a wheat mash considerably thicker than a barley mash of the equivalent gravity. Overall, this should ease industrial concerns regarding the use of barley for alcohol production.
The approximate time required for reaching maximum ethanol yield from the grains examined is shown in Table 2 . With the exception of CPS wheat, the use of the jet-cooking method for the preparation of the grain mash seems to lead to a reduction in the time required for reaching the maximum ethanol yield from fermentation.
Growth profile of Saccharomyces cerevisiae during VHG fermentation runs. The exponential growth of the fermenting yeast started in most cases 4 h after the onset of fermentation. The viability of the yeast reached its maximum level (two-to fivefold) after the first 24 h and thereafter started to gradually decrease over the last 2 days of fermentation (Table 3) . A similar trend in the yeast growth pattern was previously reported (4). The decrease in viability during the last 2 days could be explained by the increase in ethanol concentration (in the range of 11.4 to 14.5% [vol/vol] for VHG fermentation) The viable counting reported at each time point is the average of at least two measurements, and the SEM was 1.2 ϫ 10 7 . Grain ϫ fermentation, grain ϫ time, and fermentation ϫ time values were significant (P Ͻ 0.05).
b ND, not determined.
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exceeding the ethanol tolerance threshold of the fermenting yeast. Possibly, Sabouraud dextrose agar used for yeast viable counting is not the best medium for recovery of damaged or stressed yeast cells. Depletion of essential nutrients or the accumulation of subproducts such as octanoic and decanoic acids could be another factor inhibiting yeast growth (17, 35) . Another explanation could be that the inhibitory effect of lysine became more apparent toward the end of the fermentation due to nitrogen-limiting growth conditions (33) . The pH value of the mash was not automatically controlled during fermentation runs. Therefore, the possibility that the yeast viable count decreased due to a lethally high salt content of the mashes could be ruled out.
Running the fermentation at pH 4.0 is a routine practice to control contaminating bacteria (20) . The pH of every mash reproducibly decreased to slightly below pH 4 during fermentation because of CO 2 formation. The decrease in pH increases the activity of saccharifying enzymes and inhibits the growth of contaminating bacteria. A quality control test for microbial contamination, performed for every fermentor at three different stages, confirmed the absence of lactic acid bacteria or other bacterial contaminants.
Analysis of value-added coproducts. Comparison of the initial concentration of different value-added coproducts in each grain to that in the DDGS revealed a three-to fivefold increase in the concentration in the DDGS preparations. This was mainly due to consumption of the starch fraction of the grains during the fermentation process. Compared to other grains, corn and Fibar barley have the highest and lowest starch contents, respectively. Therefore, the increase in the concentration of value-added coproducts in the DDGS from VHG jet-cooking or Stargen-based fermentation relative to initial grains was the highest for corn and lowest for Fibar barley. For most grains, the use of Stargen-based fermentation was associated with better recovery of value-added products compared to jet-cooking fermentations. This may be explained by thermal instability of these compounds during jet-cooking.
(i) Analysis of phytosterol. The most abundant sterols were sitosterol and campesterol, whereas stigmasterol was detected at very low concentrations (Table 4 ). The concentrations of sterols detected in corn DDGS (4.1 and 4.2 mg/g, Table 4 ) were higher compared to the other DDGS studied (P Ͻ 0.05). However, the total concentrations of sterols detected in the DDGS of the barley varieties from VHG Stargen-based fermentation were higher (P Ͻ 0.05) than those detected in wheat DDGS (Table 4 ). The hull layer of Xena and Bold barley contained a large fraction of sterol compounds (3.9 and 4.0 mg/g for Xena and Bold with hull, respectively), which was reduced (2.3 and 2.4 mg/g for Xena and Bold, respectively) when the hull layer was removed (Table 4) .
(ii) Analysis of free phenolic compounds. The concentration of phenolic compounds in initial Fibar grain was significantly (P Ͻ 0.05) higher compared to other grains (Fig. 1 ). There was a significant (P Ͻ 0.05) difference in the concentrations of phenolic compounds in the DDGS of all barley types from VHG Stargen-based fermentation compared to those of the benchmarks, with the DDGS of dehulled Xena barley with the highest concentration (Fig. 1) . This was in agreement with previous studies (9, 45) . Moreover, a higher yield of the phenolics was identified in the DDGS (modified Stargen-based fermentation, 20%) of Xena (14.6 mg of gallic acid/g) and Bold barley (15.0 mg of gallic acid/g) when the hull layer was not removed prior to fermentation. The hull layer of barley is thus a valuable source of the phenolic compounds, similar to previous reports (44) . The concentrations of polyphenols in the barley varieties (before fermentation) were comparable to those detected in the majority of the conventional sources (36) . In addition, the DDGS of the barley varieties from Stargen-based fermentations (especially when the hull layer was involved) demonstrated the same high concentration found in figs, which contain the highest concentration of polyphenols among commonly consumed foods and beverages (36) .
(iii) Analysis of fatty acids. By far, the most abundant fatty acids detected in our study were linoleic, oleic, and palmitic acid (Table 5 ). Statistical analysis revealed that corn and Fibar barley grains had the highest level of total fatty acids (38.4 and 31.2 mg/g, respectively) compared to other grains studied (Table 5, P Ͻ 0.05). After fermentation, DDGS recovered from the corn had the highest concentration of fatty acids (72.6 and 77.5 mg/g), which was significantly different (P Ͻ 0.05) compared to the other grains. For the same starch hydrolysis treat- (Table 5) ; however, the difference was not significant (P Ͼ 0.05). The content of fatty acids in the case of Xena barley was reduced by the removal of the hull layer (Table 5 ), similar to the findings of previous studies (7) . Overall, oil from barley or barley DDGS was found to contain ca. 54% linoleic acid, which is similar to corn (53%) or soy (52%) oils (5). However, barley oil contains less oleic acid than corn or soy oil (14% versus 28 or 24%) but more palmitic acid (21% versus 12 or 11%). Since corn and soy oil can be used in a wide variety of food and nonfood applications, barley DDGD, with a similar fatty acid profile, may also prove to be a good source of these coproducts.
(iv) Analysis of tocopherols and tocotrienols. As previously reported (29) , the most abundant of the tocopherols and tocotrienols detected in barley was ␣-tocotrienol. In contrast, ␥-tocopherol and ␤-tocotrienol were the main tocopherol and tocotrienol identified in corn and wheat, respectively ( Table 6 ). The total concentration of tocopherols and tocotrienols detected in the initial grain of Fibar and dehulled Bold barley was higher (P Ͻ 0.05) than those for the other grains. The type of fermentation had a significant impact on total concentrations of tocopherols and tocotrienols detected in the DDGS of dehulled Bold barley and wheat, with the highest concentration detected after jet-cooking fermentation. There was a significant difference (P Ͻ 0.05) in the concentrations of tocopherols and tocotrienols detected in the DDGS of all barley types from VHG Stargen-based fermentation compared to the benchmarks, with corn DDGS having the highest concentration followed by dehulled Bold DDGS. For VHG jet-cooking fermentation, tocopherols and tocotrienols were detected in the dehulled Bold barley at a higher concentration than in corn DDGS; however, the difference was not significant (P Ͼ 0.05).
(v) Analysis of the nutritional characteristics of DDGS. Grain source and fermentation type interacted for DDGS characteristics, indicating that effects of fermentation differed per grain (Table 7) . Samples of DDGS can vary widely in nutritional value (42) . In vitro energy digestibility was used as an initial indicator of energy digestibility in swine (28) because energy is the most important cost component in feed formulation for livestock (46) .
Corn DDGS was highest (P Ͻ 0.05) in crude fat, reflecting the high fat content in corn (42) , but was lowest (P Ͻ 0.05) in crude protein and in vitro energy digestibility. Wheat DDGS was highest (P Ͻ 0.05) in crude protein content, a finding consistent with previous studies (42), whereas barley DDGS was highest (P Ͻ 0.05) in in vitro energy digestibility. The nutritional profile presented for barley DDGS is similar to that of canola meal (21) .
In conclusion, the data presented here strongly indicate that the three barley varieties examined are promising feedstock for fuel ethanol compared to the benchmarks commonly utilized in industry. Ethanol yield produced by a hundred grams of the three barley varieties was highly comparable to those of the benchmarks. However, barley is a much cheaper feedstock compared to corn and wheat. Fibar barley was found to contain a high concentration of ␤-glucan, but if enzymes such as ␤-glucosidases could be used to fully convert ␤-glucan to glucose, the ethanol yields would likely increase. As such, ␤-glucan may prove advantageous for ethanol production.
This study also demonstrates that "raw starch hydrolysis" as a new technology in the ethanol industry to convert barley starch to ethanol is comparable to the conventional jet-cooking b Means in the same column with different lowercase letters are significant (P Ͻ 0.05). Bold and Xena barley with hull were not included in statistical analysis due to the unavailability of VHG jet-cooking and Stargen-based fermentation data. The SEMs were 1.338, 0.703, and 0.197 for the tocotrienols ␣, ␤, and ␥, respectively, and 0.584, 2.188, and 1.681 for the tocopherols ␣, ␤, and ␥, respectively. P values: grain, Ͻ0.001; fermentation, Ͻ0.001; grain ϫ fermentation, Ͻ0.001. The only exception was for ␤-tocopherol, for which the fermentation P value was 0.137.
process. In addition, this new technology has the potential to eliminate the need for high-energy processing of starch and provides more cost-effective glucose for conversion to ethanol and other value-added products. In most cases, ethanol fermentation based on "raw starch hydrolysis" was associated with better recovery of value-added products compared to the traditional jet-cooking fermentations. This may be explained by the thermal instability of these compounds during jet-cooking.
This study also indicates that the DDGS from barley varieties is a good source for valuable coproducts and is better than conventional DDGS for in vitro energy digestibility. Identification of new and higher-value coproducts will help improve long-term economic viability of the fuel ethanol industry. a Means in the same column with different letters are significant (P Ͻ 0.05). Bold and Xena barley with hull were not included in statistical analysis due to unavailability of VHG jet-cooking fermentation data. The SEMs were 0.08, 0.26, 0.24, 0.27, 0.72, and 0.83 for ash, crude protein, crude fiber, crude fat, in vitro dry matter (DM) digestibility, and in vitro gross energy (GE) digestibility, respectively. P values were as follows: grain, Ͻ0.001; fermentation, Ͻ0.001, and grain ϫ fermentation, Ͻ0.001 (ash); grain, Ͻ0.001; fermentation, Ͻ0.001, and grain ϫ fermentation, Ͻ0.001 (crude protein); grain, Ͻ0.001; fermentation, 0.038, and grain ϫ fermentation, 0.052 (crude fiber); grain, Ͻ0.001; fermentation, Ͻ0.001, and grain ϫ fermentation, Ͻ0.001 (crude fat); grain, Ͻ0.001; fermentation, 0.003, and grain ϫ fermentation, 0.341 (in vitro dry matter digestibility); and grain, Ͻ0.001; fermentation, Ͻ0.001, and grain ϫ fermentation, 0.388 (in vitro gross energy digestibility).
b GE, gross energy. DM, dry matter. Means in the same column with different letters are significant (P Ͻ 0.05). Bold and Xena barley with hull were not included in statistical analysis due to unavailability of VHG jet-cooking fermentation data. SEM, 62.79. P values: grain, Ͻ0.001; fermentation, 0.0004, and grain versus fermentation, 0.244.
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